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Figure 4. Fraction of infected hosts at the end of simulations against the Shannon index of host
species distribution within the respective host tree, with (A,B) or without (C,D) the phylogenetic
distance effect. Each dot represents the outcome of a single simulation; simulations in which the
parasites became extinct were discarded. Partitioning of host trees into subtrees (or clades) and
calculating the Shannon index was performed as described in Sl section 1.3, with the height
parameter set to either 100 (plots A and C, corresponding to few large subtrees) or 50 (plots B and D,
corresponding to more but smaller subtrees). Red lines show the fit of a linear regression with R®
values indicated. All parameters take standard values.

To formalise some of the above intuitive explanations for variation in parasite
abundance across host trees, we calculated for each host tree the Shannon index for
the distribution of host species among different host clades (see Sl section 1.3). This
Shannon index is greater the more host clades there are and the more evenly
species are distributed among those clades. Figure 4 shows that the Shannon index
is negatively correlated with the fraction of infected host species, indicating that host
trees whose species are clustered in few large clades are most conducive to parasite
spread. In line with these results, we also found that tree imbalance, as measured by
the Colless index (Colless 1982; Heard 1992), has a similar effect but explains less
of the variance in infection frequencies than the Shannon index of clade sizes (see
Sl section 3.1; Figure S3).

Robustness to parasite parameters and model assumptions

We repeated all simulations with a higher parasite transmission rate (B=1) and a
higher extinction rate (v=2). Figures S4 and S5 show that our results are very robust
to this change in parameters. We also re-ran our simulations relaxing the assumption
that no coinfections can occur, that parasites can be lost during host speciation or
that they can speciate within a host linage; again, this did not qualitatively affect our
results (Figures S6 to S8).
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Figure 5. Influence of the equilibrium host tree size on parasite survival rates and infection
frequencies in presence (blue) and absence (red) of the phylogenetic distance effect. Dashed lines
show the fraction of simulations in which the parasites invaded the host tree and survived until the
end of the simulations. Solid lines show the median fraction of infected host species at the end of the
simulations for those simulations in which the parasites survived, with shadings indicating the
interquartile range. Equilibrium host tree size was modified by varying the carrying capacity parameter
K over a range of values from 60 to 400. All other parameters take standard values.

Host tree size

We next asked how the equilibrium size of the host trees — determined by the
carrying capacity K — affects the dynamics of parasite spread. In the absence of the
phylogenetic distance effect, increasing host tree size results in both an increasing
probability of parasite survival and an increasing number of infected hosts at the end
of simulations where parasites do survive (Figure 5). Both of these results are
straightforward in the light of standard epidemiological models with density-
dependent transmission in well-mixed host populations (Keeling & Rohani 2008). In
the presence of the phylogenetic distance effect, there is a comparatively modest
increase in the parasite survival probability with increasing host tree size, and no
change in the infection frequency. This is because from any given infected host
species, the number of uninfected hosts that can be reached through host-shifts will
generally be limited by the phylogenetic distance effect rather than the total size of
the tree.

Dynamics of host diversification

The results presented above all assumed that host trees evolved under the same
birth-death process, with a speciation rate of A=1 and an extinction rate of u=0.5. In
order to explore the impact of host diversification on parasite spread, we generated
sets of host trees with increasing values of A and p while keeping the difference A—pu
constant. This means that for all sets of host trees generated, the host trees will
initially grow at the same net diversification rate but when they reach their carrying
capacity, the rate at which new host species are born and go extinct increases (both
occurring at rate p).
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Figure 6. The impact of host speciation and extinction rate at equilibrium on the fraction of infected
host species with (A) and without (B) the phylogenetic distance effect. Violins show the distribution of
infection frequencies, with the total area of each violin being proportional to the number of simulations
where the parasites survived. Equilibrium speciation and extinction rates where varied by using host
extinction rates p ranging from 0.1 to 0.9. At the same time, we varied the host speciation rate A from
0.6 to 1.4 in order to maintain a constant net diversification rate of A.—-u=0.5 during the early stages of
host evolution. Parasite parameters take standard PDE and no-PDE values.

Figure 6A shows that in the presence of the phylogenetic distance effect, the host
tree sets generated in this way vary strongly in both the parasite survival probability
and the fraction of infected host species. When host trees evolve with very low
speciation and extinction rates, the parasites almost always become extinct, and if
they survive they reach only a very low infection frequency. This is because
branches are very long in such host trees, resulting in large phylogenetic distances
between host species that are difficult to overcome by the parasites. When A and p
are high, there will be much turnover in host species and genetic distances will
become short so that parasite spread is facilitated, resulting in a high fraction of
simulations where parasites survive and reach high infection frequencies.

In the absence of the phylogenetic distance effect, mean infection frequencies are
not affected by A and p (Figure 6B). However, the probability of parasite survival
decreases slightly with increasing A and . This is because host species numbers
vary more through time with high than with low host speciation and extinction rates
(results not shown), producing correspondingly strong stochastic variation in
infection rates. As a result, when A and p are high, stochastic parasite extinction is
more likely than when A and p are low.
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Finally, we explored whether host net diversification rate (A—p) or species turnover
(wA) had any impact on the dynamics of parasite spread beyond the impact of the
rate of speciation and extinction in the steady state discussed above. We generated
eight additional sets of host trees with different combinations of values for A—p and
wA (see Sl section 1.4). Under the phylogenetic distance effect, the parasite survival
rate and the fraction of infected hosts increases with both net diversification rate and
host species turnover on these trees (Figure S9A). However, the results are always
very similar with identical host extinction rates, suggesting that early host tree
evolution was not important. In the absence of the phylogenetic distance effect,
different host tree sets only differ mainly in the fraction of simulations where the
parasites survived (Figure S9B), presumably again due to different degrees of
stochastic fluctuations in host tree size.

Discussion

Using a mathematical model, we have investigated how the phylogenetic distance
effect (preferential host-shifts between closely related species) impacts the
prevalence and distribution of parasites across host species. Our model makes a
number of predictions: all else being equal and in the presence of the phylogenetic
distance effect, 1) host trees in which most species are clustered in a few large
clades should harbour more parasites than those consisting of many small clades, 2)
host trees characterised by high species turnover (including rapid adaptive
radiations) should harbour more parasites than host trees that are evolutionarily
more inert, and 3) small and isolated clades within trees should harbour fewer
parasites than large clades. These predictions can be tested without any
cophylogenetic analyses and indeed, without any knowledge about phylogenetic
relationships between the parasites. In contrast to previous models where parasites
only switch between extant host species (Engelstadter & Hurst 2006; de Vienne et
al. 2007; Cuthill & Charleston 2013; Waxman et al. 2014), in our model parasite and
host diversification occurs concurrently and potentially on similar time scales.

The power of our predictions depends on how strong the phylogenetic distance
effect is, both in absolute terms and relative to other effects. The phylogenetic
distance effect emerges from the fact that related species tend to be physiologically
and immunologically similar, thus increasing the chances that a parasite can
successfully replicate in a new host. However, relevant host traits such as the
presence or absence of certain cell surface receptors may also evolve repeatedly
during host diversification. This can give rise to ‘clade effects’ in which a host clade
that is only distantly related to a donor host may nevertheless have a high propensity
to be recipients of a parasite (Longdon et al. 2011; Waxman et al. 2014). Moreover,
the probability of host-shifts will depend not only on similarity between host species,
but also on opportunities for parasites from one species to encounter hosts from
another species. This means that both geographical range overlap and ecological
interactions between donor and potential recipient host species may be important
determinants of host-shifts. Finally, de Vienne et al. (2009) showed that the
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phylogenetic distance between a native and a new parasite can also be a good
predictor of infection success. All of these factors may obscure the phylogenetic
distance effect.

Little is known about the relative importance of (phylo)genetic vs. ecological factors
for host-shifts, but it appears that this varies widely across systems. On the one
hand, several pathogens (e.g., influenza viruses and Mycobacterium tuberculosis)
have shifted between humans and domesticated animals such as cattle or fowl —
species that are only distantly related to humans but have close physical contact
(Smith et al. 2009; Ren et al. 2016). On the other hand, several studies have
reported evidence for a strong phylogenetic distance effect. For example, in
microalgae-virus associations in the open sea where no ecological barriers to host-
shifts should exist, there seems to be a clear signal for the phylogenetic distance
effect (Bellec et al. 2014). In a study of rabies in bats, host genetic distance was
identified as a key factor for host-shifts whereas ecological factors (range overlap
and similarities in roost structures) had no predictive power (Faria et al. 2013).

The case of Wolbachia, an intracellular bacterium infecting nematodes and
arthropods (Werren et al. 2008), indicates that even for a single parasite there may
be considerable variation in the relative importance of different factors affecting host-
shift rates. For example, Wolbachia underwent preferential host-shifts to related
species within the spider genus Agelenopsis (Baldo et al. 2008). By contrast, in
mushroom-associated dipterans, ecological similarity (mycophagous vs. non-
mycophagous) appeared to be an important determinant of Wolbachia host-shifts
whereas host phylogeny and sympatry did not appear to play a major role (Stahlhut
et al. 2010). In bees, neither phylogenetic relatedness between hosts nor ecological
interactions (kleptoparasitism) predicted Wolbachia host-shifts (Gerth et al. 2013).
Among different orders of arthropods, our prediction that larger clades should have
higher infection levels than smaller clades is not supported in Wolbachia (Weinert et
al. 2015), perhaps indicating that at least at this level the phylogenetic distance effect
is not important. Overall, the Wolbachia-arthropod system is characterised by
complex patterns of codiversification that differ between Wolbachia strains and host
taxa and that we are only beginning to understand (e.g., Gerth et al. 2014; Bailly-
Bechet et al. 2017).

In order to keep our model as simple as possible we made several assumptions.
Most importantly, we assumed that each parasite species is strictly associated with a
single host species only. This assumption will be met in parasites that are highly
specialised on their hosts or that are vertically transmitted, so that transmission
between host individuals belonging to different species is very limited. For parasites
infecting multiple hosts, we expect that the phylogenetic distance effect should be
less pronounced and our results therefore less applicable. Host-shifts were modelled
as density-dependent transmission events, i.e. the more host species there are
within the host phylogeny, the greater the rate of host-shifts for a parasite. Given that
tree size was roughly constant and not affected by the parasites in our model, we
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again believe that the assumption of density-dependent (as opposed to frequency-
dependent) transmission is not crucial to our results. Finally, we assumed an
exponential decline in host-shift rates with increasing phylogenetic distance between
hosts. This is arguably the simplest function one can assume for this relationship. A
sigmoidal relationship has also been proposed (Engelstadter & Hurst 2006) and in a
study of RNA viruses in mammals was found to explain the data better than the
exponential function (Cuthill & Charleston 2013), but it remains to be seen how
general this result is.

In conclusion, we have developed a model of host-parasite codiversification that
should be most suitable for parasites that are host-specific and undergo preferential
host-shifts according to the phylogenetic distance effect. Our model provides a novel
framework to understand host-shift dynamics across large numbers of host species
and over long evolutionary time periods. This framework has enabled the generation
of several testable predictions regarding the distribution and frequency of parasites,
highlighting the importance of host phylogeny in shaping the process of
codiversification.
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